The addition of gibberellic acid to isolated aleurone layers of barley (Hordeum vulgare L.) causes the production and secretion of four a-amylases. Two of these are stable at pH 3.7 and are not inactivated by ethylenediaminetetraacetate. The other two represent the classical barley a-amylases; i.e., they are inactivated at pH 3.7 and by reagents which form complexes with divalent metal ions. All four forms are synthesized de novo in response to the addition of gibberellic acid.
Gibberellic acid controls the appearance of a-and ,B-amylases in the endosperm of barley (16, 17, 29) . oa-Amylase arises in the aleurone layer and has been shown to be made de novo (2) (3) (4) 28) . B-Amylase exists in ungerminated barley seed as a zymogen and can be activated by treatment with papain and with reducing agents (14, 30) . Similarly, in wheat seed, j3-amylase exists in the starchy part of the endosperm in a protein-bound form (20) (21) (22) (23) . The liberation of ,B-amylase by proteolysis suggests that during germination the,-amylase is released by protease secreted from the aleurone tissue (9) .
Nine amylases have been found in germinating barley seed (7) ; on the basis of response to inhibitors, two have been identified as (3-amylase and five as a-amylase while the character of two remains unknown. Probably all of these amylases arise in the endosperm of the seed in response to gibberellic acid (12) . A complete understanding of the response of the barley endosperm to gibberellic acid requires a complete characterization of all forms of barley amylase and an identification of their tissues of origin. In this paper we report progress in this direction.
MATERIALS AND METHODS
Barley (Hordeum vulgare L.) seed, cultivar Himalaya, was used as the experimental material. The procedures of seed imbibition, isolation and incubation of aleurone layers, and the amylase assays were performed as described by Chrispeels and Varner (3) . The aleurone, and because it caused cracking and distortion of the agar gel during electrophoresis. Unless otherwise stated, incubations continued for 24 hr. 2 Electrophoresis. The technique used to separate amylase forms was essentially that of Sick (25) . The gel consisted of 1% Difco purified agar in 0.004M phosphate buffer, pH 7.55. The agar was dissolved by heating the solution almost to boiling. A portion (110 ml) of the agar solution was poured onto a Plexiglass tray of inside dimensions 17.5 X 19.5 X 0.3 cm, and the surface was flamed to remove air bubbles. After cooling at room temperature for 10 min, the tray was refrigerated for a further 5 min. Thin slits were then made in the gel at the origin (6 cm from one end of the plate) by pressing into the gel a piece of Whatman No. 2 filter paper about 0.7 mm wide. The paper was left in place for 30 sec and withdrawn. Each slit was filled with 8 pd of enzyme solution by means of a hypodermic syringe. Up to 14 samples were loaded across the gel. Amylase solutions were diluted to about 10 units (about 30 ,ug) of amylase per ml for electrophoresis. Where visual quantitative comparisons of activity between samples were desirable, the samples were diluted by the same factor
The buffer used in the gel was also used in the electrode compartments. The compartments and the gel were connected by sheets of duPont cellulose sponge cloth cut to the width of the gel. One sheet (from the anode) was placed along the gel almost up to the origin, just behind the sample slits. The other (from the cathode compartment) was brought up to a line 7 cm from the origin. The whole tray was then covered with a glass plate, and a stabilized current of 25 ma was passed through the gel for 2 hr at 4 C. The quality of the zymogram was improved if, after 20-min electrophoresis when the amylases had moved from the origin, the slits were closed by compressing the gel from both ends.
For visualization of the amylase bands, the tray was immersed in 0.5% soluble potato starch (J. T. Baker Chemical Co.) and incubated at 37 C for 30 min. The excess starch solution was then washed off, and the gel was flooded with an 12-KI solution for about 1 min. If the amylase activity was low, the bands could be accentuated by allowing the plate to stand at room temperature for 10 Amylase. An agar gel was prepared as already described, and a slit 3.0 cm long was made at the origin. Fifty microliters of the radioactive amylase solution (about 8,ug of amylase protein) were loaded into the slit, and the gel was subjected to electrophoresis. Then two parallel cuts were made in the agar at right angles to the origin, thus isolating a strip 0.9 cm wide in the center of the 3.0-cm wide amylase zone. The strip was then cut into 1.0-mm segments, beginning at the origin, and each segment was placed into 7.0 ml of a scintillation fluid consisting of 2 volumes of toluene containing 0.4% 2,5-diphenyloxazole (PPO) to 1 volume of Triton X-100 (18) . The agar segments dissolve in this fluid, and counting efficiency is probably maximized although no comparisons were made. The counting data are derived from about 2.7 ,ug of amylase protein.
The remaining portion of the gel was developed for amylase activity for the purpose of matching enzyme activity and counting data. The gels were washed and the zones of amylase activity developed. After treatment, only bands 3 and 4 were visible; after EDTA treatment, these bands had disappeared while1 and 2 and 5 to 8
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The amylases induced in isolated barley
were somewhat enhanced in intensity. Incubation of medium from the aleurone layers with 10-3M N-ethylmaleimide (which has no effect of its own) and 10-M HgCl2 (which on its own caused erratic inhibitions of activity) together consistently de- stroyed the activity of amylases 1 and 2 and 5 to 8 but had no effect on amylases 3 (Fig. 3A) . Traces of glucose, maltotriose, and maltotetraose were also present; but these were probably produced by the very small amount of amylase 4 which can be found in starchy endosperm of seed which has imbibed water for 3 days (see Fig. 2B ). Amylases 5 to 8 are therefore probably 03-amylases. This conclusion is supported by the fact that they are not precipitated in the glycogen purification procedure (see "Materials and Methods") which specifically precipitates a-amylases. It is presumed that during normal germination these amylases would be solubilized in endosperm during germination by protease synthesized in the aleurone layer (9) . Amylases 3 and 4. If a solution containing all eight barley endosperm amylases was dialyzed overnight against 0.02 M acetate buffer, pH 3.70, forms 3 and 4 were inactivated completely while all other forms were stable. If calcium was deleted from the incubation medium (i.e., with GA in a buffer only), amylases 3 and 4 were not present in the medium (figure 1) but all other amylases were. Presumably, this reflects a requirement by these amylases for calcium and is not due to lack of production because they are inactivated by EDTA and require calcium ions for activity. Instability at low pH and a requirement for calcium are characteristic of barley a-amylase (10, 15, 24) .
That these amylases are a-amylases is supported by a determination of the amylose hydrolysis products. A preparation of forms 3 and 4 was made as follows. A solution containing all amylases was made 10-5 M in HgCI2 and 10-3 M in N-ethylmaleimide and incubated at 50 C for 20 min. The remaining amylase (about 60%) was purified by glycogen precipitation. It consisted of only forms 3 and 4. Incubation of this solution with amylase yielded a pattern of products which was identical to that produced by Bacillus subtilis a-amylase (Fig. 3C) . Thus, it appears that amylases 3 and 4 are the classical barley a-amylases. 2 was prepared as follows. Aleurone layers were incubated with GA in the absence of calcium, and the amylase was precipitated with glycogen. The precipitate was dissolved in water and dialyzed for 48 hr against 0.01 M acetate buffer, pH 3.70. A zymogram heavily loaded with this preparation showed only bands 1 and 2. This preparation hydrolyzed amylose to give a spectrum of products identical to that produced by the action of B. subtilis a-amylase on amylose, and therefore both amylases are probably a-amylases (Fig. 3B) .
Contribution to Total Activity. The contributions of the two groups of a-amylases to total amylase activity in media from 24-hr incubations have been estimated in two ways: (a) by deleting calcium from the incubation medium, and (b) by incubating the medium at pH 3.7 until loss of activity ceases. Both procedures result in loss of amylases 3 and 4. By the first method it was found that 16%, of the control activity (+ calcium) was retained.4 However, although amylases 1 and 2 are retained in the absence of calcium, their amounts are reduced by about 40% as judged from zymograms. Hence, by this method their contribution to activity is estimated to be about 25%. When medium was incubated at pH 3.7, activity became constant when 20%7 of the original activity remained. Hence, amylases 1 and 2 contribute a significant proportion, between one-fifth and onefourth, of a-amylase activity in barley endosperm.
Responses of Amylases 1 and 2 and 3 and 4 to GA. If the amount of enzyme loaded onto the agar gel was kept low, the intensities of the amylase bands were an indication of the relative amounts of activity present. Examination of the time course of amylase production showed that not all forms appear in the incubation medium at the same time. In the absence of GA, band 2 dominated in both media and extracts while bands 1, 3, and 4 were barely visible. In the presence of GA, all amylases increased with 4The contribution of the f-amylases to total activity is negligible when the starch assay is used. time, and after 25 hr the medium contained more activity attributable to amylases 3 and 4 than to 1 and 2, indicating that the response of amylases 3 and 4 to GA was much greater than that of 1 and 2. By eliminating calcium from the medium, one can estimate the effect of GA on the production of amylases 1 (Fig. 4) . The amount of radioactivity in each form is parallel to the amount of enzyme activity contributed by it, as judged from the zymograms and is not too different from the contributions to total activity given above for amylases 1 and 2 and 3 and 4. These data in conjunction with those of Filner and Varner (4) make it very likely that all forms of GA-inducible a-amylase are made completely de novo.
DISCUSSION
Our data indicate that of the eight amylases appearing in the medium surrounding isolated aleurone tissue in response to GA, four are a-amylases produced in the aleurone tissue and four are f-amylases arising from endosperm remaining attached to the dissected aleurone.
The a-amylases arise by synthesis de novo; the f-amylases seem to arise by activation of pre-existing zymogen. However, we have not attempted to show incorporation of labeled precursors into the 3-amylases, and although similar forms exist in the endosperm as bound enzyme, the possibility that the aleurone layer has the capacity to produce these amylases cannot be entirely dismissed.
Because of the characteristics of amylases 1 and 2, it is very likely that they have not been accounted for in many previous studies of barley a-amylase. A component of barley amylases stable toward low pH was found by Paleg (16) and described as being similar to a-amylase in activity. The finding that amylases 1 and 2 are a-amylases is interesting, considering that they are not inactivated by low pH (3.7) or by EDTA. Resistance of these enzymes to EDTA and sodium hexametaphosphate (7) as well as their production, although in somewhat reduced amounts, in the absence of added calcium suggests that they do not require calcium ions for activity. Such a finding would be surprising as all known a-amylases appear to require calcium ions for activity (8, 26) . Some a-amylases, for example, the amylase from Aspergillus oryzae (6) 45, 1970 AMYLASES INDUCED BY GA IN BARLEY ALEURONE lated aleurone tissue whereas previous studies have involved aleurone plus starchy endosperm. Could amylases E to G arise by interaction of aleurone and endosperm? We find no evidence of amylases corresponding to E to G in isolated aleurone or in starchy endosperm, but the amylase from GA-treated embryoless half-seeds contains a new form corresponding to position 5 on the zymogram. Amylases E to G are heat-labile and revert to the stable forms C and D (7) so that the possibilities are: (a) they are forms of C and D changed by some factor(s) in the starchy endosperm, and (b) they are hybrids of a-and ,B-amylases. Although such hybrids have not been reported, a-and ,B-amylases are similar in both amino acid composition and molecular weight. The molecular weights of a-amylases are about 50,000 (5), although a weight of 60,000 has been reported for barley a-amylase (24) . Sweet potato ,B-amylase is either a trimer or a tetramer of subunits each with a molecular weight of 50,000 (27) .
Even though the recoveries of amylase activity in the density labeling experiments published (4) were 60 to 90% (Filner and Varner, unpublished data) , it is now almost certain that these losses represent a selective loss of amylase 3 or amylase 4, or of both amylases 3 and 4. Correct identification of those amylase forms which were density-labeled would have required monitoring by gel electrophoresis of the density-labeled samples before and after the equilibrium sedimentation run. For completely unequivocal results the four amylase forms should be separated from one another after incubation of the aleurone layers in the density label and each amylase form banded separately in the equilibrium sedimentation run, as has been done for some of the peroxidase enzymes from barley embryos (1). The question of whether or not all four forms of a-amylase are synthesized de novo after the addition of GA is nonetheless resolved in this report by the demonstration that all four forms become labeled to approximately the same extent (counts per minute per unit of amylase activity) when aleurone layers are incubated in 3H-labeled leucine.
